Background
Malignant melanomas are intrinsically resistant to many conventional treatments, such as radiation and chemotherapy, for reasons that are poorly understood. Here we propose and test a model that explains drug resistance or sensitivity in terms of melanosome dynamics.
Methods
The growth and sensitivity to cisplatin of MNT-1 cells, which are melanotic and enriched with mature stage III and IV melanosomes, and SK-MEL-28 cells, which have only immature stage I and II melanosomes, were compared using clonogenic assays. Differences in pigmentation, melanosome stages, melanosome number, and cellular structures in different cell lines in response to various treatments were examined by electron microscopy. The relative numbers of melanosomes of different stages were compared after treatment with 1-phenyl-2-thiourea. The relationship between drug transporter function and endogenous melanogenic toxicity was assessed by treating cells with the cyclosporin analog PSC-833 and by assessing vacuole formation and cell growth inhibition. All statistical tests were two-sided.
matrix. Both stage I and II melanosomes are also known as early melanosomes or premelanosomes because they have not initiated melanin synthesis. In contrast, stage III melanosomes are characterized by the active synthesis of melanin, which results in the deposition of black electron-dense pigment on the fi brillar matrix. Finally, stage IV melanosomes are fully mature and little internal structure is visible because they are completely packed with melanin. In this study, stage IV* denotes damaged or disintegrated melanosomes.
During melanin synthesis, intermediates such as 5,6-dihydroxyindole, 5,6-dihydroxyindole-2-carboxylic acid and other cytotoxic metabolites are also produced. Leakage of these toxic substances from melanosomes into the cytoplasm leads to cytotoxic effects that are referred to as endogenous melanogenic cytotoxicity (EMC). Thus, melanosomes are also involved in scavenging endogenous cytotoxic metabolites generated during melanogenesis and storing these waste products ( 8 , 19 ) . Previous research suggests that these organelles are also important in the development of drug resistance. A melanogenic enzyme, tyrosinase-related protein-2 (TYRP2), has been implicated in cisplatin (cis-diaminedichloroplatinum II, CDDP) resistance in melanoma ( 21 , 22 ) . We have recently demonstrated that both melanosomal trapping and export of cytotoxic drugs such as CDDP are involved in drug resistance in melanomas ( 8 ) , and these fi ndings suggest possible therapeutic approaches to circumvent this resistance by inhibiting the intracellular trapping of cytotoxic drugs in melanoma cells. It would be important to verify whether manipulating melanosome functions and dynamics could be a practical approach to enhance chemosensitivity in melanoma cells.
In this study, to understand the cellular principles underlying drug sensitivity and resistance in melanoma, we focused on the role of melanosome dynamics (including the biogenesis of premelanosomes, changes in melanosome numbers, melanosome status, and the integrity of melanosome structures) in determining drug sensitivity in melanoma cells. Our aim was to develop rational experimental approaches to targeting melanomas by altering melanogenic pathways using various chemicals or anticancer drugs, some of which have already been used in clinical practice or are now in clinical trials.
Materials and Methods
Chemicals and Drugs CDDP, doxorubicin, verapamil, vinblastine, 1-phenyl-2-thiourea (PTU), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO). The cyclosporin analog SDZ PSC-833 (PSC), also known as valspodar, was provided by Dr B. I. Sikic (Stanford University, CA).
Cells and Cell Culture
Cancer cell lines used in this study include three human melanotic melanoma cell lines (MNT-1, FEMX, and UACC-257), three human amelanotic melanoma cell lines (SK-MEL-28, SK-MEL-24, and M14), one melanotic mouse melanoma cell line B16F10 (American Type Culture Collection, Manassas, VA), and one nonmelanoma control cell line KB-3-1 (derived from the HeLa cervical adenocarcinoma and maintained in our laboratory) ( 8 , 11 ) . MNT-1 is a highly pigmented melanotic cell line frequently used for pigmentation research, as previously described ( 8 , 23 -25 ) . SK-MEL-24 was obtained from American Type Culture Collection, whereas FEMX was from our laboratory. SK-MEL-28, UACC-257, and M14 were obtained from the National Cancer Institute (Frederick, MD). MNT-1 cells contain melanosomes in all stages (ie, stages I -IV), whereas SK-MEL-28 cells (American Type Culture Collection HTB-72) have only stage I and II melanosomes ( 8 , 25 ) . To facilitate comparative study, all cancer cell lines were maintained in Dulbecco's Modified Eagle Medium (Invitrogen Inc, Carlsbad, CA) containing high glucose, pyridoxine HCl, and 110 mg/L sodium pyruvate, 10% fetal bovine serum, 100 U/mL penicillin G, 100 μ g/mL streptomycin sulfate, and 2 mM glutamine. The cells were incubated at 37°C with 5% CO 2 . Regularly cultivated MNT-1 cells were passaged at a 1:8 dilution when cultures were 80% confluent in a 75-cm 2 culture flask. Variation of the pigmentation was occasionally observed. These cells were mainly used as controls in clonogenic assays in this study. Alternatively, MNT-1 cells were stably maintained in a highly pigmented status (melanin content ≥ 120 μ g/10 6 cells, Supplementary Figure 1 , A , available online) by continuous passage of the cells under higher density culture conditions (ie, cells passaged at a 1:4 dilution). These cells were used in all experiments in this study. The immortal melanocyte cell lines melan-a and melan-c, derived from wild-type (a/a, Uw/Uw, Tyr/Tyr) and albino (a/a, Uw/Uw, tyrc/tyrc) C57BL/6J mice, respectively ( 26 ) , were cultured as previously described ( 27 ) . The altered pigmentation
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Prior knowledge
Melanoma is intrinsically resistant to treatments such as radiation and conventional chemotherapy. In addition to cytotoxic effects from by-products of melanin synthesis, melanosomes are involved in drug trapping and export.
Study design
The relationship between melanosome dynamics and drug resistance was studied using microscopy methods and growth assays in a variety of melanoma cell lines. Numbers of melanosomes and their distribution according to stage were altered pharmacologically.
Contribution
This work suggested that stage IV melanosomes increase drug sensitivity through cytotoxic effects and that melanosomes at stages II and III may decrease sensitivity to a chemotherapy drug used to treat melanoma. The results raise the possibility that interventions that alter melanosome numbers and stages could provide a means to increase cellular sensitivity to chemotherapy drugs.
Implications
The usefulness of interventions to increase chemotherapy drug sensitivity by altering melanosome dynamics should be investigated.
Limitations
The results reported in this study were based on in vitro studies using immortalized cell lines. Further validation in animal models is needed.
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and melanosome status were monitored by comparative electron microscopic analysis.
Measurement of Melanin Content
The cell pellets were dissolved in 1 M sodium hydroxide and the melanin content was determined by measuring the absorbance between 405 and 490 nm and compared with melanin standards (Sigma-Aldrich). The melanin content was normalized to protein input as described ( 8 ) or to total cell numbers ( Supplementary Table 1 , Supplementary Figure 1 , A , available online).
Electron Microscopy (EM)
MNT-1 melanoma cells treated with different drugs were prepared for EM analysis by the methods as previously described ( 8 ) . Briefly, cultured cells were detached from culture dishes by incubation in Trypsin -EDTA and washed in Dulbecco ' s Phosphate-Buffered Saline (Invitrogen Inc). The cells were processed by high-pressure freezing and freeze substitution in acetone and glutaraldehyde and embedded in LR White or Lowicryl HM20 resin (Electron Microscopy Sciences, Hatfield, PA). A 300-nm section of sample, stained with 2% uranyl acetate and lead citrate, was analyzed by using an FEI CM120 transmission electron microscope equipped with a Gatan GIF100 image filter (Hillsboro , OR). This EM method is referred to as conventional EM in this study. Unstained images were used for determining the stages of melanosomes according to the intensity of melanin pigments, because melanincontaining melanosomes are well displayed in these unstained EM (UEM) images. To determine melanosome numbers, an intact 300-mm sectional image was obtained by montage of several individual EM images, and melanosome numbers were directly counted from the montaged images. This EM method is referred to as quantitative EM in this study.
X-ray Microprobe Mapping
Unstained sections obtained as described above were also imaged in a 300-kV transmission electron microscope and then further analyzed using the 2-ID-D fluorescence X-ray microprobe at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL) as previously reported ( 8 ) .
Indirect Immunofluorescence and Confocal Microscopy
Immunofluorescence microscopic analysis of expression and localization of stage II melanosomes was performed using the Axiovert 200 microscope and an LSM 510 confocal microscope (Carl Zeiss Inc, Munich, Germany) ( 8 , 25 ) . Images were analyzed by colocalization software (Carl Zeiss Inc).
Clonogenic Assay of Cellular Drug Sensitivity
Clonogenic assays of drug sensitivity were performed by two investigators using slightly different protocols in melanoma cells, their derivatives, and control cells. Approximately 1000 cells were seeded in 60-mm cell culture dishes. The cells were treated with freshly made cytotoxic drugs for 3 days, and surviving colonies were stained with 0.5% methylene blue and counted on days 10 to 14 after removal of the drug-containing medium. Alternatively, 300 cells were seeded in 60-mm cell culture dishes, treated with drugs for 8 -12 days, stained, and counted as above. Cytotoxic dose -response curves or bar graphs were generated by Microsoft Excel (Microsoft Corporation, Bellevue, WA ). The two protocols generated similar IC 50 values (ie, drug concentrations that inhibit 50% of cell growth) for melanoma cells (eg, 2.1 μ M and 2.4 μ M CDDP for SK-MEL-28 cells, respectively, in Figure 3 , B , Supplementary Figure 1 , B , available online).
MTT Assays for Cellular Drug Sensitivity
Cellular drug sensitivity was evaluated in both melan-a and melan-c cells by the MTT assay in quadruplicate as previously described ( 28 ) .
Statistical Analysis
Mean, SDs, variance, Pearson correlation ( r ), and unpaired t test (with two-tail and two-sample unequal variance) were generated from Microsoft Excel 2004 version 11.3.7 (Microsoft Corporation). Error bars correspond to 95% confidence intervals (CIs). All statistical tests were two-sided and the threshold for statistical significance was .05.
Results
Melanogenesis and Endogenous Melanogenic Cytotoxicity
To explore the role of melanosome stages and numbers in contributing to EMC in melanotic melanoma cells, we used quantitative EM to examine melanosome dynamics in melanotic MNT-1 cells. These cells had an intact melanosome biogenesis pathway, as evident by the presence of different stages of melanosomes ( ( Figure 1, B ) . Furthermore, in MNT-1 cells, damaged melanosome -mediated cytotoxicity was associated with an approximate 6.7-fold cell growth inhibition compared with amelanotic SK-MEL-28 cells, as determined by measuring the relative size (numbers of pixels in field) of imaged colonies (mean number of pixels for SK-MEL-28 and MNT-1 = 4178 and 609, respectively; difference = 3569, 95% CI = 2897 to 4240; P < .001) ( Figure 1 , C and D ). These results suggest that late-stage melanosomes (eg, stage IV), but not stage II or III melanosome numbers, are associated with the development of EMC in melanotic melanoma cells.
We next examined whether certain melanosomes with altered structures are involved in detoxifying EMC in the presence of cytotoxic drugs. We chose CDDP, a potent anticancer drug used to treat many types of malignant tumors including melanomas ( 1 -3 , 5 ), because it affects the entire melanogenic pathway by stimulating melanosome biogenesis, enhancing tyrosinase activity, augmenting melanin synthesis, and accelerating melanosome export ( 8 ) . It is also easily mapped by a fl uorescence X-ray microprobe ( 8 ) . We found that some damaged stage II and III melanosomes in MNT-1 cells treated with 6.7 μ M CDDP for 72 hours were fused with other cellular organelles, such as lysosomes, and formed autophagosome-like subcellular structures ( Figure 1, A6 ), possibly as a cellular defense mechanism. Double membrane -bound stage III melanosomes were secreted into the culture medium when this treatment was continued for 7 days ( Figure 1 , A7 ) ( 8 ) . These data are consistent with the possibility that the formation of autophagosomes and secretion of double membrane -bound melanosomes might be involved in detoxifying EMC.
We also determined whether the converged localization or polarity of early-stage melanosomes (eg, stage II) is associated with altered drug accessibility. In some cells, the perinuclear area contained fewer melanosomes and showed more severe nuclear structural damage by CDDP than did similarly treated cells, in which a higher density of stage II and III melanosomes appeared to have been induced by CDDP ( Supplementary Figure 2 , A2 and A3 , available online). We found that melanosome-mediated CDDP trapping was also associated with the polarized nature of melanoma cells or with regional melanosome density ( Supplementary Figure 2 , A5 and A6 , available online). Hence, our data suggest a link between the degree of cell damage caused by the drug, the number of early melanosomes, and their polarized distribution in melanoma cells.
We assessed whether high numbers of stage II and III melanosomes could prevent drugs from entering the nucleus. We examined MNT-1 cells with a limited number of melanosomes that had been treated with high doses (40 and 400 μ M) of CDDP to facilitate X-ray microprobing, but for only 2.5 hours, to avoid induction of stage II and III melanosomes. The nuclear accumulation of CDDP in 40-and 400 μ M-CDDP -treated cells ( Supplementary Figure 2 , B , available online) was much higher than that observed in cells Figure 2 , A6 , available online), confi rming that CDDP can accumulate in the nuclei of melanotic melanoma cells that lack suffi cient numbers of stage II or III melanosomes. Hence, the biogenesis and presence of stage II or III melanosomes in the cytosol might serve as a buffer system that prevents some cytotoxic drugs from entering the nucleus.
These preliminary data revealed some fundamental differences among melanosomes of different stages (I -IV) in terms of their response to EMC and to cytotoxic drugs. The late-stage (ie, stage IV) melanosomes appeared to be associated with the development of EMC and growth inhibition in melanotic melanoma cells, whereas the earlier-stage melanosomes (eg, stage II) and their polarized distribution in melanoma cells appeared to be associated with detoxifying EMC via melanosome export and inhibiting the nuclear import of cytotoxic drugs. Therefore, we hypothesized that melanosome dynamics and their relationship to EMC might play a role in the regulation of cell growth and drug sensitivity.
A Hypothetical Model That Elucidates Melanosome Dynamics and Drug Sensitivity
Based on the observations described above and our previous study ( 8 ) , we developed a mechanistic cellular model that describes alterations of drug sensitivity with progression through the melanogenic pathway ( Figure 2 ). According to this model, the entire melanogenic pathway, which is classified into three phases, is involved in the regulation of drug sensitivity. The first phase includes the biogenesis of premelanosomes (ie, stages I and II) and the initiation of pigmentation on the melanosomal matrix (stages II-III).
In this phase, melanosomal function is activated to trap chemicals for melanin synthesis as well as to scavenge cytoplasmic melanin intermediates that are leaked from late-stage melanosomes. The earlier-stage melanosomes might have a protective role in normal pigment-producing cells, whereas in the context of melanoma, they would render the cells drug resistant ( 8 ) . The middle transition phase would be characterized by melanosomes transitioning between stages II and III, those at stage III, and those transitioning between stages III and IV; stabilization of melanosomes at this stage may be important to maintain homeostasis both in melanoma cells and in pigment-producing cells. In this phase, most melanoma cells are likely to be drug resistant ( Figure 2, A ) . During the last phase, in which melanosomes are at stages III-IV, IV, and IV* ( Figure 2, A ) , the melanosome maturation process leads to the maximal EMC, which the cells must overcome to survive. One way to overcome the EMC is to export the melanosomes. Export of melanosomes occurs naturally in normal pigment-producing cells , but this process may be impaired in melanoma cells. At the last phase, the melanoma cells are more sensitive to cytotoxic drugs. Thus, in our model, the entire melanosome biogenic pathway is involved in the regulation of drug resistance in pigment-producing cells.
Stages of Melanosomes, Melanin Content, and CDDP Sensitivity
To test our model regarding the role of early-stage (I and II) and late-stage (III and IV) melanosomes in conferring drug resistance or sensitivity, we compared the CDDP sensitivity between amelanotic SK-MEL-28 cells (that possess only stage I and II melanosomes without producing melanin) and highly pigmented MNT-1 ( Figure 3, A ) . The large variation in CDDP sensitivity in MNT-1 cells, but not in SK-MEL-28 cells, may be associated with alterations of melanosomal dynamics (eg, changes in late-stage melanosome numbers) in these cells. As reflected by percent colony formation, the amelanotic SK-MEL-28 cells displayed 3.8-fold greater CDDP resistance than the highly pigmented MNT-1 cells under higher density culture conditions (mean IC 50 for SK-MEL-28 and MNT-1 = 2.13 μ M and 0.56 μ M, respectively; difference = 1.57 μ M, 95% CI = 1.45 to 1.69; P = .0017) ( Figure 3 , B , Supplementary  Figure 3 , A , available online). These observations are consistent with a model in which alterations of melanosome dynamics are associated with the regulation of cytotoxic drug sensitivity in melanotic cells.
We next examined CDDP sensitivity in two immortal melanocyte lines (melan-a and melan-c). Melan-a melanocytes, established from pigmented C57BL/6 mice, are moderately pigmented cells. Melan-c melanocytes were derived from mice of the same strain with a point mutation in the gene encoding Tyr that inactivates tyrosinase ( 27 ) . Drug sensitivity was assessed using the MTT assay because these melanocytes, unlike melanoma cells, do not grow as colonies. The resistance to CDDP of hypopigmented
; difference = 9.4 μ M, 95% CI = 8.8 to 9.9; P < .001) ( Figure 3, C ) . We further examined the relationship between drug sensitivity and the melanin content in MNT-1 and in B16F10 melanoma subclones, which varied in degree of pigmentation. No obvious association between CDDP resistance and melanin content was found among these subclones ( Figure 3, D , Supplementary Table 1 ,  Supplementary Figure 4 , available online). However, we found that amelanotic SK-MEL-28 cells expressed the stage II melanosome marker HMB-45 at levels comparable with MNT-1 cells, as determined by immunohistochemistry and confocal microscopy ( Supplementary Figures 2 , A4 and 5 , B , available online) . Melan-c melanocytes also retained substantial amounts of stage II melanosomes ( 27 ) . Thus, these data do not support a simple relationship between melanin content and drug sensitivity, consistent with our previous hypothesis that functional melanosomes, rather than melanin content, are associated with drug resistance in melanoma cells ( 8 ) .
Excessive melanin synthesis and its associated EMC in highly pigmented MNT-1 cells may enhance sensitivity to certain drugs, such as CDDP ( Figures 1, A5 , B -D and 3, A -C ). To confi rm that melanogenesis-associated drug sensitivity is not specifi c to MNT-1 cells, we examined six melanoma lines in parallel: MNT-1, two moderately pigmented melanoma cell lines (UACC-257 and FEMX), and three amelanotic melanoma lines (SK-MEL-24, Cytotoxic dose -response curves were plotted, with each point corresponding to the mean value and error bars indicating 95% CIs. One of two similar experiments is shown. C) Drug sensitivity in immortal mouse melanocytes (melan-a, wild type) and their hypopigmented mutant (melan-c, albino). Approximately 5000 cells per well were seeded in 96-well plates. The cells were treated on the 3rd day (to ensure proper plating effi ciency and vitality) with CDDP for 72 -96 hours. Cytotoxicity was measured using the 3-(4,5-dimethylthiazol-2-yl)-2-,5-diphenyl tetrazolium assay as previously described ( 28 ) ; each point corresponds to the mean value of quadruplicate determinations in each independent experiment and error bars indicate 95% CIs. One of two similar experiments is shown. D) Clonogenic assays of CDDP sensitivity in MNT-1 subclones. KB-3-1 cells (derived from the HeLa cervical adenocarcinoma cell line) were used as a nonmelanoma control. Approximately 300 cells were seeded in 60-mm cell culture dishes. The cells were treated with CDDP for 10 days. Cytotoxic dose -response curves were determined as described in (B) . One of two similar experiments is shown. A comprehensive analysis of cytotoxic drug sensitivity and its association with melanin content is provided in Supplementary Table 1 (available online) .
SK-MEL-28, and M14). All these melanoma lines were consistently more resistant to CDDP than the nonmelanoma control (KB-3-1 cells) ( Supplementary Figure 1 , B , available online) . Furthermore, the three amelanotic lines were more resistant to CDDP than the pigmented melanotic lines (ie, UACC-257, FEMX, and MNT-1, Supplementary Figure 1 , B , available online). Again, total melanin content was not consistently associated with the IC 50 values of CDDP in these cells ( r = Ϫ .17). These data are consistent with the idea that some anticancer drugs may be selectively cytotoxic to subsets of highly or moderately pigmented cells that predominantly contain late-stage or dysfunctional melanosomes and have a greater potential to generate EMC ( Figure 1 ) .
CDDP Treatment and Cell Death in Melanoma Cells with Late-Stage Melanosomes
To confirm that the cytotoxicity of anticancer drugs to melanoma cells depends on the stage of melanosomes they contain, we performed a comprehensive analysis of melanosomal stages and their numbers from images of sectioned cells that were visualized by conventional EM after staining with heavy metal and by UEM. The latter method allows one to quantitatively analyze both the density and melanin intensity of melanosomes at stages II-III, III, and IV, but not stage II. Alternatively, the presence of stage II melanosomes can be evaluated by conventional EM graphs and by HMB-45 immunostaining ( Supplementary Figure 5 , available online).
Untreated MNT-1 cells had a relatively even distribution of melanosomes according to stage (II-III to IV) and contained an average of 56 (SD = 21) melanosomes per 300-mm section, as determined from UEM images (n = 11) ( Figure 4, B ) . In melanotic MNT-1 cells, the biogenesis of stage I melanosomes, their maturation to stage IV, and subsequent extracellular export is the default unidirectional process ( 8 , 18 , 19 ) . The relatively even distribution of melanosomes according to these stages (codominance) refl ects the equilibrium between biogenesis and export of melanosomes. The variability in the numbers of stage IV melanosomes is much higher than that of stage II-III or stage III melanosomes (variance of melanosomes per section = 362, 111, and 35, respectively). The variance in the numbers of stage IV melanosomes was 16-fold higher than the mean (23 per section), indicating a non-Poisson distribution of stage IV melanosomes in individual melanoma cells ( Figure 4, B , columns 1 -4) . Thus, these data provide a statistical basis for selection or induction of drug-resistant melanoma cells that are enriched with a subset of stage II and II-III melanosomes in the presence of a sublethal dose of drug.
After treatment with a sublethal dose of CDDP (6.7 μ M) for 72 hours, the surviving cells showed a 6.8-fold increase in stage II-III melanosomes (mean numbers of stage II-III melanosomes for control and CDDP-treated cells = 15 and 100, respectively; difference = 85, 95% CI = 80 to 90; P < .001) ( Figure 4 , B , columns 1 and 5), a 3.7-fold decrease in stage IV melanosomes (mean number for control and CDDP-treated cells = 22 and 6, respectively; difference = 16, 95% CI = 10 to 29; P = .022) ( Figure 4 , B , columns 3 and 7), and no obvious changes in the numbers of stage III melanosomes ( Figure 4, B , columns 2 and 6 ). These data are consistent with the development of CDDP-resistant cells from a subset of MNT-1 cells that contain the smallest amount of stage III and IV or IV melanosomes (fi ve per 300-nm UEM section). Although UEM was unable to detect stage I and II premelanosomes because of the lack of melanin synthesis in these organelles, we deduced that the increased numbers of stage II-III melanosomes in CDDP-resistant cells were derived from the biogenesis of premelanosomes after CDDP selection ( Figure 4 , B , columns 1 and 5; C -H). MNT-1 cells having a large number (maximal melanosome number = 67 per 300-nm UEM section) of stage III-IV and IV melanosomes (eg, Figure 4 , D ) were rare in the CDDPresistant population, suggesting that these cells belong to a CDDP-sensitive subset and were damaged or destroyed by the drug ( Figure 4, C ) . When we visualized the damaged cells at intermediate stages, we observed that CDDP preferentially disrupted cells with more stage III-IV and IV melanosomes ( Figure 4, F ) , but not those having mostly stage II-III melanosomes ( Figure 4, E ) . Dead MNT-1 cells usually had excessive amounts of melanin, resulting in the accumulation of more pigmented (stage III-IV and IV) melanosomes inside the cytoplasm, indicating a defect in melanosome export ( Figure 4, F ) . Collectively, these data reveal a subcellular mechanism for the development of resistance to CDDP and differences in resistance to the drug among subpopulations of cells that are unexposed to cytotoxic drugs ( Figure 4 , C ). These data suggest that the drug-resistance mechanisms in melanoma cells involve induction of stage II-III melanosomes and the trapping by these organelles of cytotoxic drugs. Drug sensitivity might be increased, however, by the presence of damaged stage IV melanosomes ( Figure 2, A ) .
Prevalence of Early-Stage Melanosomes and Resistance to CDDP
To test directly the role of excessive melanogenesis or increased biogenesis of stage II and II-III melanosomes in drug resistance, we used a well-characterized tyrosinase inhibitor, PTU, to inhibit melanin synthesis without affecting the biogenesis of stage I and II melanosomes. Over the course of 72 hours, 100 μ M PTU did not inhibit melanin synthesis, whereas 600 μ M PTU decreased melanin content to the background levels ( Figure 5, B ) . Using EM, we confirmed that treatment with 600 μ M PTU and 6.7 μ M CDDP inhibited the formation of stage III and IV melanosomes and increased the density of stage II-III melanosomes (by 2.4-fold) compared with untreated control cells (mean number of stage II-III melanosomes for control and CDDP + PTU -treated group = 15 and 35, respectively; difference = 20, 95% CI = 18 to 22; P = .0039) ( Figures 4, B , columns 1 and 9 , and 5, C -E). As evidenced by HMB-45 staining, 600 μ M PTU did not decrease stage II melanosome expression. However, we found that 300 μ M PTU slightly increased HMB-45 expression in MNT-1 cells (mean fluorescence intensity, arbitrary units, for control and PTU-treated cells = 473 and 634, respectively; difference = 161, 95% CI = 143 to 181; P = .081), although the increase was not statistically significant. As determined by clonogenic assays, PTU at 100, 300, and 600 μ M increased the mean IC 50 values of CDDP in MNT-1 cells by 3-, 5-, and 11.5-fold, respectively ( Figure 5, F ; Supplementary Figure 3 , B , available online). Thus, our data demonstrate the feasibility of manipulating cytotoxic drug resistance via alteration of the melanosome status -related EMC in melanotic melanoma cells.
The Effect of PSC on MNT-1 Cell Growth
To further examine whether some noncytotoxic drugs could directly increase the EMC in melanotic cells by interfering with transporter systems, we treated MNT-1 cells with the cyclosporin analog PSC-833 or PSC. This drug is a potent inhibitor of the multidrug transporter P-glycoprotein (P-gp) and has been used in clinical trials for P-gp-positive malignant tumors ( 29 -31 ) and as an inhibitor for some non -P-gp membrane proteins ( 32 ) . The MDR1 ( ABCB1 ) gene that encodes P-gp is not frequently expressed in malignant melanomas ( 7 , 11 , 12 ) . However, we found that PSC treatment suppressed MNT-1 cell growth in a dose-dependent manner, with an IC 50 of 4 μ M ( Figure 6, A available online), whereas PSC dramatically inhibited growth of MNT-1 and SK-MEL-28 cells when those cells were plated at high density ( Supplementary Figure 7 , available online). EM revealed that PSC induced cell degeneration by accelerating the formation of vacuolar structures in the cytoplasm ( Figure 6, C ) . Counting of vacuolar structures in randomly selected EM images (n ≥ 13 for each experimental condition, Figure 6 , D ) revealed that PSC produced a 5.8-fold increase in the number of vacuolar vesicles compared with the untreated MNT-1 control cells (mean number for control and PSC group = 17 and 97, respectively; difference = 80, 95% CI = 52 to 108; P < .001) ( Figure 6, D ) . However, CDDP produced only a 1.4-fold increase in formation of vacuoles ( Figure 6, D ) , which was further suppressed in the presence of 600 μ M PTU. These data suggest that the mechanism by which PSC suppresses melanoma cell growth differs from that of cytotoxic drugs (such as CDDP) in these cells. Furthermore, the variance in vacuole numbers in the PSC-treated group (variance = 5695) was 15-fold higher than that of the control (variance = 390), suggesting that the PSC-induced vacuole formation in melanotic cells may be selective for susceptible cells. Nonetheless, the suppression of CDDP-induced vacuolar vesicle formation by PTU provides evidence that PTU-mediated drug resistance is achieved in part by preventing EMC.
To gain more insight into the effects of PSC on cellular structures, we analyzed the vacuolar structures induced by PSC by EM. We found that some vacuolar structures contained damaged melanosomes ( Figure 6 , E ) and could thus be defi ned as autophagosomes ( 33 ) or melano-autophagosomes. The autophagosomelike vacuoles also contained other damaged subcellular organelles, confi rming a broad effect of PSC on membrane transporters of other subcellular organelles.
The effect of PSC on melanosomal transporter systems was further monitored by X-ray microprobe analysis of intramelanosomal accumulation of elemental sulfur and potassium, because their distribution is always associated with transporter activity. Clonogenic assays were performed as described in Figure 3 , B . Cytotoxicity curves were determined by counting surviving colonies (presented in Supplementary Figure 3 , B , available online) with each point corresponding to the mean number of colonies and error bars indicating 95% CIs. One of two similar experiments is shown. mi = mitochondria; Nu = nucleus.
Elemental potassium colocalized with sulfur ( Figure 6 , F , upper panel), indicating that the melanosome membrane effi ciently transports potassium inside the organelle. In PSC-treated cells, the accumulation of sulfur was apparently decreased in some melanosomes, accompanied by a statistically signifi cant decrease in potassium accumulation (mean potassium content in control [n = 14] and PSC-treated [n = 32] melanosomes = 0.095 and 0.019 fg, respectively; difference = 0.076 fg, 95% CI = 0.07 to 0.08 fg; P < .001) ( Figure 6, F ) . These data suggest that the PSC-induced cell death was due, in part, to interference with melanosomal transporter systems. Thus, in principle, inhibiting melanosomal transporter systems could be a new strategy to reverse the intractability of melanoma to chemotherapy. These data also suggest that a combination of melanosomal transporter inhibitors (such as PSC) with existing clinical chemotherapeutic agents (such as CDDP and vinblastine) would elevate the level of EMC, which might enhance or synergize the therapeutic effects in melanotic melanomas.
Discussion
Based on the MNT-1 cellular model, we have outlined a model that relates melanosome dynamics to drug sensitivity and addresses the complicated drug-resistance mechanisms underlying the intractability of melanoma ( Figure 2 ). Our results demonstrate that altered EMC, which correlates with the development of late-stage melanosomes, is involved in the regulation of drug sensitivity in melanotic melanoma cells. This conclusion was further confirmed by treatment of melanotic cells with CDDP, which preferentially killed cells with stage IV melanosomes. Consistently, the prevalence of with disorganized melanosomal matrices, whereas arrowheads in the lower panel point to a melanosome-containing autophagosome. F ) X-ray mapping of potassium (K) in untreated MNT-1 cells or in cells treated with 4 μ M PSC for 72 hours; Sulfur (S) was used as a melanosomal marker for MNT-1 cells because of its specifi c melanosomal accumulation, which has been previously described ( 8 ) . Arrowheads point to melanosomes. Scale bars = 2 μ m. Nu = nucleus.
stage II-III or III melanosomes rendered the cells resistant to cytotoxic drugs. Finally, we showed that the melanosome stages or dynamics can be manipulated (by an inhibitor of melanogenesis or by an inhibitor of membrane transporters) to regulate cell growth and drug sensitivity.
Existing genetic evidence also supports our model. For example, a recent study revealed that several mutations that affect stage II melanosome formation (because of a lack of the melanosomal component gp100/Pmel17) increase sensitivity to several anticancer drugs including CDDP ( 34 ) . Thus, this result appears to support the fi rst phase of the three-phase melanosomal dynamic model, in which we propose that the defi ciency in generating stage II and II-III melanosomes would render cells more sensitive to cytotoxic drugs ( Figure 2, A ) . Enforced expression of the melanogenic enzyme TYRP2 via transfection confers CDDP resistance in melanoma ( 21 , 22 ) and TYRP2, in cooperation with TYRP1, suppresses the EMC that is related to overexpression of tyrosinase ( 35 ) . These studies are consistent with the increased drug resistance that accompanies increased melanogenesis at the fi rst phase of our model. Furthermore, Chen et al. ( 36 ) demonstrated that the pink-eyed dilution protein (p protein) rescues tyrosinase-containing melanosomes in Melan-p1 hypopigmented melanocytes (that lack p gene transcripts) by stable transfection of that gene. The stably p -transfected cells (Melan-p1 ϩ P ) were highly pigmented and more sensitive to both arsenic and CDDP than were Melan-p1 melanocytes ( 37 ) . These data are consistent with the prediction of greater drug sensitivity via increased melanogenesis in the later stages of melanosome biogenesis in our model. Clearly, melanogenesis may result in differential drug sensitivity in distinct melanosomal stages. Nevertheless, our model provides insight into cellular principles that underlie drug-resistant or sensitive phenotypes as well as strategies for therapy of melanoma.
There are a few critical points in melanosome development that could be exploited for therapy. First, inhibiting the development of premelanosomes in melanotic and amelanotic melanoma cells could prevent the development of melanosome-mediated drug resistance ( 34 ) . Second, prevention or inhibition of melanosomal trapping of cytotoxic drugs could be used to target stage II and II-III -dominant melanoma cells ( 8 ) . It has been shown that in lysosomes (organelles related to melanosomes), direct inhibition of lysosomal vacuolar-H ϩ -ATPase activity by proton pump inhibitors alters intracellular pH and markedly increases cytoplasmic retention and nuclear import of cytotoxic drugs, thus dramatically sensitizing tumor cells to the effects of CDDP, 5-fl uorouracil, and vinblastine ( 38 ) . In this study, we observed that K ϩ localizes within melanosomes, and treatment with PSC prevented this localization, suggesting that the inhibitory effect of PSC on melanotic melanoma cells may be via the inhibition of ion exchangers in melanosomal membranes.
It is also possible that PSC could inhibit multiple non --P-gp transporters in melanoma cells, including a cluster of ABC transporters (ABCA9, ABCB5, ABCC2, and ABCD1) ( 11 , 12 ) , and particularly ABCB5, which has 60% -70% homology to P-gp ( 10 , 11 ) . Our preliminary data (not shown) revealed that PSC or verapamil increases vinblastine-induced cytotoxicity in MNT-1 cells, possibly reflecting the inhibition of those P-gp-like transporters that are associated with melanogenesis. In addition, PSC at a concentration of 2 or 4 μ M was noncytotoxic to nonmelanoma MES-SA sarcoma cells ( 39 ) and KB-3-1 cells, suggesting that PSC-mediated autophagy is melanotic melanoma dependent. Taken together, these data suggest that inhibition of the melanosomal transporter system by its inhibitors may be a rational approach to the therapy of melanoma patients.
In theory, by choosing agents to enhance late-stage melanosome formation without provoking the biogenesis of stage I and II melanosomes, all of the key components involved in melanosome export could be targeted. Ideally, EMC could be increased by combining the formation of stage IV melanosomes and disruption of melanosomal membranes in the absence of melanosome export. Clinically, a 5-μ M plasma CDDP concentration can be achieved 24 hours after infusion of a clinically tolerated dose (80 -100 mg/m 2 ) ( 40 ), which is 2.5-to 10-fold higher than the IC 50 for MNT-1 cells that we observed (ie, 95% CI for the IC 50 values of MNT-1 = 0.5 to 1.62 μ M). The success of cancer chemotherapy frequently depends on toxic-to-therapeutic ratios as low as two to three, and 2.5-to 10-fold differences between sensitive and resistant cells are substantial. Thus, modulation of melanoma cells by CDDP to an EMC state that is sensitive to chemotherapy would be of potential clinical signifi cance. Furthermore, according to our model, some previous and current therapeutic regimens used in clinical trials need to be reevaluated based on the melanosome status of patients. For example, we have demonstrated the complexity of CDDP-mediated cytotoxicity in melanoma cells and its dependence on melanosome status. Hence, CDDP may be suitable for treating melanotic melanoma patients whose tumors contain preexisting melanosomes at stage IV, but not patients with amelanotic melanoma or those whose tumors contain predominantly stage II or II-III melanosomes. Unfortunately, no clinical studies have linked melanosome-mediated drug trapping, export, or EMC to the drug resistance of melanomas. We believe that these would be fruitful areas for future clinical investigation.
Finally, there are certain limitations to our study. The majority of the data in this study were derived from several melanoma cell lines in cell culture systems. The drug-resistant phenotypes associated with melanosomal dynamics have quite complex genetic traits, which should be further validated in an in vivo model. Moreover, our study does not provide direct evidence that there is a treatment benefi t for melanoma patients, but only implies the possibility of such a therapeutic benefi t by showing that differential subsets of melanoma cells respond differently to CDDP in vitro. The "prognosis" might be inferred from CDDP sensitivity assays. To further evaluate the benefi t of CDDP to subsets of melanoma patients, their melanosomal status would need to be evaluated in the context of well-designed randomized clinical trials. In this respect, our study could conceptually or strategically infl uence the design of future clinical trials for melanoma patients.
In conclusion, the development of both drug resistance and sensitivity in melanomas and in pigment-producing cells involves the melanosome biogenesis pathway. The three distinct phases in that pathway can be differentially targeted for therapy of malignant melanoma. In principle, the components of the entire melanogenic pathway could be molecular targets for the therapy of melanoma patients. We believe that manipulation of melanosome status either by cytotoxic or by noncytotoxic drugs opens therapeutic avenues and raises the prospect of successfully treating pigment-producing cell-related diseases and, in particular, highly intractable malignant melanomas.
